We report short-time variations in the plasma tail of C/2013 R1(Lovejoy). A series of short (2-3 minutes) exposure images with the 8.2-m Subaru telescope shows faint details of filaments and their motions. We identified rapid movements of two knots in the plasma tail near the nucleus (∼ 3×10 5 km). Their speeds are 21 and 24 km s −1 along the tail and 4.4 and 2.2 km s −1 across it, respectively. These measurements set a constraint on an acceleration model of plasma tail and knots as they set the initial speed just after their formation. We also found a rapid narrowing of the tail. After correcting the motion along the tail, the narrowing speed is estimated to be ∼ 8 km s −1 . These rapid motions altogether suggest the need for high time-resolution studies of comet plasma tails with a large telescope.
Plasma tails of comets and their time variations potentially provide crucial information on solar winds and magnetic field in the solar system. Short-time variations in plasma tails, however, have not been fully understood. Indeed, most previous studies observed tails and structures at far distances (> 10 6 km from nucleus) with a time resolution of an order of an hour.
Regarding the speed of movement along the tail, Niedner (1981) studied 72 disconnection events (DEs) of various comet tails and found 100 km s −1 at 10 7 km from the nuclei. Their initial speeds before DEs are around 44 km s −1 and the typical acceleration is 21 cm s −2 . Saito et al. (1987) analyzed a knot in the plasma tail of comet 1P/Halley and derived its average velocity of 58 km s −1 at 4-9 ×10 5 km from the nucleus. Kinoshita et al. (1996) observed C/1996 B2(Hyakutake) and measured the speed of a knot of 99.2 km s −1 at 5.0 ×10 6 km from the nucleus. Brandt et al. (2002) investigated DE of C/1995 O1 (Hale-Bopp) and obtained the speed of ∼ 500 km s −1 at ∼ 7×10 7 km from the nucleus. Buffington et al. (2008) analyzed several knots in comets C/2001 Q4(NEAT) and C/2002 T7(LINEAR) using Solar Mass Ejection Imager.They found the speed of 50-100 km s −1 around 10 6 km from the nucleus. These previous studies did not catch the moment immediately after the formation of knots or the detachment of knots from the tail. The initial speed at these critical time was only an extrapolation from later observations relatively far away. In this letter, we report detections of knots in the plasma tail 3×10 5 km away from the nucleus of C/2013 R1(Lovejoy) and a direct measurement of their initial motions. We adopt the AB magnitude system throughout the paper.
data
The comet was observed on 2013 December 4 (UT) using the Subaru Prime Focus Camera (Suprime-Cam Miyazaki et al. 2002) mounted on the Subaru Telescope at Mauna Kea (568). The camera consists of 5 × 2 array of 2k × 4k CCDs. The pixel scale is 0.202 arcsec pixel −1 . The field of view is about 35×28 arcmin. We used two broadband filters: W-C-IC (I-band: center=7970Å, full width at half maximum (FWHM)=1400Å) and W-J-V (V-band: center=5470Å, FWHM=970Å) filters. Both bands trace the plasma tail. I-band includes predominantly H 2 O + line emissions, while V-band includes CO + and H 2 O + line emissions.
The observation log is given in Table 1 . The start time of the exposures may have an error of about 1 second. The position angle and the pointing offset were adopted to catch the comet nucleus at the bottom-left corner and to have the tail run diagonally across the field-of-view so that the maximum extent of the tail is framed in each exposure.
Non-sidereal tracking mode of the Subaru telescope (Iye et al. 2004 ) was utilized so that the comet always observed at the same position on the CCD array. For the observing run, the coordinate of the comet was calculated using NASA/JPL HORIZONS system 6 with the orbit element of JPL#22. We used ephemeris of 1 minute step. In the following, we instead use the latest orbital elements (JPL#26). At the time of the observations, the observercentric (Mauna Kea 568) and heliocentric distance to the comet were 0.5523-0.5526 and 0.8812-0.8811 au, respectively. In the sky projection, the conversion from the angular to the physical scales was 400.6-400.8 km arcsec −1 . Considering the phase angle (sun-target-observer angle) of 83.5 degree at the time of the observations, we adopt the physical scale along the tail of 403.3 km arcsec −1 in the following discussion. The heliocentric ecliptic coordinate of the comet nucleus was (λ,β)=(85.5,30.7). The comet was located before the perihelion passage, and its heliocentric velocity was -12.6 km s −1 . The seeing size is estimated from short (2 sec) exposures and was 1.0 and 1.1 arcsec in I and V-bands, respectively. The movement of the comet in the celestial coordinate was
during the observations. Due to the non-sidereal tracking, stars move in an exposure, but this motion does not affect the measurement of the seeing size significantly since the shift is only about 0.17 arcsec in 2 sec exposure.
The data was reduced in a standard manner; the steps include overscan subtraction, crosstalk correction (Yagi 2012) , flat fielding using twilight flat, and distortion correction. The relative flux and relative position among the CCDs are calibrated using other dithered dataset taken in the same night. The mosaicked image of V1 (Table 1) is shown as Figure 1 as an example.
The flux was calibrated against stars in the field using SDSS DR8 (Aihara et al. 2011) catalog in the same way as in Yagi et al. (2013) . We used SExtractor (Bertin & Alnouts 1996) for object detection in the Suprime-Cam images. In each exposure, 620-640 stars at 16<r<20 mag in DR8 catalog were used for the flux calibration. The measured photometric zero-point of chip 2 (reference chip) was 27.3(I) and 27.1(V) AB mag per 1 ADU s −1 . These zero-points are comparable to the ones derived typically under photometric conditions, and thus we regard that the data were obtained under photometric conditions.
3. result
Image Processing
In order to investigate the fine structures in the plasma tail, additional image processing was applied. First, we rotate the image counterclockwisely by 50 degree so that the plasma tail aligns to the y-axis, and the region around the plasma tail within full width of 1000 pixels (3.4 arcmin) was extracted. The position angle of the image to the north is the same among the nine images (160.0 degree). In the coordinate, the sun lay toward (x,y)=(-0.014,+1.000) direction. The nuclei position was measured in short exposures (I2 and V2). The relative positional consistency among the images depends on the accuracy of the nonsidereal tracking mode of the Subaru telescope. As we used the ephemeris of 1 minute step, enough accuracy is guaranteed.
We then applied an unsharp masking technique to each image; we convolved the extracted images with various size of gaussian filter (σ=10, 20, 30, 50, 75 pixels) and subtracted the smoothed image from the original ones. This processing removes larger structures and enhances fine structures. To differentiate the processing with different kernel sizes, we call each as highpassσ, e.g., highpass10 when processed with the gaussian with σ=10 pixels.
Bright stars in the background contaminate small features associated physically with the cometary tail (e.g., knots), and hence, we iteratively masked them. We first masked bright pixels (> 20000 count). We then applied highpass10, detected objects in the masked image, and masked the objects in the original image. We again applied highpass10 to the masked image, detected more objects, and masked them. This highpass10-detectionmasking procedure was repeated three times. Cosmic rays and light around saturated stars were masked manually. We use the masked and highpass30 applied images in the following analyses unless otherwise noted.
Finally, we binned the image by 5×5 pixels (1.01 arcsec square). Figure 2 shows six longer-exposure images after the processing. These images show the gaps between CCD chips as gray bands. Brightening/darkening around chip edges are artifacts. These do not affect the following analyses.
Moving Knots
We can visually see two knots moved downstream around the distance of ∼ 3×10 5 km from the nucleus (indicated by green and red arrows in Figure 2) . One of the knot (red) first appear to be connected to the global filamentary structures running along the tail. It later becomes detached from the structures. The positions, magnitudes, and sizes of the knots are measured by running SExtractor (Bertin & Alnouts 1996) on the 5×5 binned highpass30 images. There was a difficulty in the measurement of the position of one of the knots using the highpass30 images (V4, green); and therefore, we measured in the image with highpass50, 7×7 median filter, and 5 pixel binning being applied. The magnitudes of the knots are 21.5 in I3 and 20.0 and 20.9 in V1, respectively. The sizes of the knots are difficult to determine, but by simply adopting the FWHM from SExtractor outputs as diameter, they range around 10-15 arcsec (∼ 4-6 ×10 3 km). The axis ratio (a/b) of the knots are 1-2 after detachment from the filamentary structure.
Distances from the nucleus (along the tail; y-axis) and offsets from the tail axis (perpendicular to the tail; x-axis) are plotted as a function of time in Figure 3 . These plots provide the mean speeds of the knots of 21 and 24 km s −1 along the tail and 4.4 and 2.2 km s −1 across the tail, respectively. The motion should make the shape of the knots elongated in 2 minutes exposure by 6-7 arcsec along the tail and 1.3 or 0.7 arcsec across the tail. Since the size of the knots is 10-15 arcsec in diameter, the elongation by the motion did not affect largely to the the size estimation.
These knot motions show tilts from the central axis of the tail by about 0.1-0.2 radian (6-11 degree). We note that the direction to the Sun is 0.014 radian (0.8 degree) from the axis, and therefore, the knot motions are not in a perfect alignment to the direction to the Sun.
The distances to the knots from the nucleus change almost linearly with time in Figure 3 . The effect of acceleration is therefore small in the short duration of our observations (23 minutes). The clear detection of the spatial motions, however, indicates the potential for direct measurements of the acceleration in future. If we can take the accelerations of previous measurements of other comets by Niedner (1981) (21 cm s −2 ), the expected changes in the speed is only 0.3 km s −1 in 23 minutes. If we adopt 17 cm s −2 , which is calculated from Figure 4 of Saito et al. (1987) as 2.4 km s −1 increment is seen in 4 hours, the expected changes in the speed during our observation is even smaller (0.2 km s −1 ). Therefore, a few hour sequence of observations of a knot will permit us to measure the acceleration.
Change of tail width in I-band
We found that the width of the plasma tail also rapidly changed. In the analysis, the original images before the unsharp masking were used. Figure 4 shows spatial surface brightness profiles across the tail and their time variation. Since we have measured the motions of the knots (presumably the motion of the tail), we can track the variation in the tail width at a comoving position as the tail would flow at the speed of ∼ 22 km s −1 . In a sequence of images (I1, I3, and I4), we measured a profile at the distance of 6.5×10 5 km in I1. We then tracked the location of the material initially at this distance, but at later times using the flow speed, and plotted the profiles of (presumably) the same material in I3 and I4. The tail width is determined at the surface brightness of 21.4 AB magnitude arcsec −2 in I-band. It narrowed from 2.6×10 4 to 2.2×10 4 , and then to 2.0×10 4 km for I1, I3, and I4, respectively. From this measurement, the speed of the narrowing motion across the tail is ∼ 8 km s −1 at each edge. The center of the light distribution, meanwhile, did not show any notable change (Figure 4 ). This narrowing speed is larger than those of the knots in the same direction perpendicular to the tail (4.4 and 2.2 km s −1 ; Section 3.2). This apparent difference could be attributed to a projection of the motion of the knots in the sky.
If we assume every fine structure (filamentary structure) in the tail is moving at ∼ 8 km s −1 perpendicular to the tail, the amount of spatial shift would be about 2.5 arcsec within the 120-second exposures. On the other hand, the fine structures appear to a typical 5 -10 arc sec width in short exposures (I2, V2). Therefore, the blur due to the motions during a single 120-second exposure should not affect the positional measurements of the structures much.
discussion and summary
The initial speeds of two moving knots (∼ 22 km s −1 ) are significantly slower than the ones measured by Niedner (1981) (44 km s −1 ; rms of 10.9 km s −1 ). This speed is also smaller than that measured in comet Halley by Saito et al. (1987) (58 km s −1 ), who suggested that the velocity was constant at 4-9 ×10 5 km from the nucleus. Though it is not clear what is the dominant factor of the initial speed of knots, we can compare several parameters of the comets. As the data used by Niedner (1981) include various comets, we compare parameters with the single case of the comet Halley by Saito et al. (1987) . At the observation by Saito et al. (1987) , the heliocentric distance to the comet Halley was 1.016 au, the heliocentric ecliptic coordinate was (λ,β) =(30.1,8.8) , and the heliocentric velocity was -26.5 km s −1 . Compared with C/2013 R1(Lovejoy) in this study, a part of the difference in the initial speed may be explained by the difference in the heliocentric velocity of the nucleus, -12.6 km s −1 versus -26.5 km s −1 , if we assume that the initial speed of the knots might be comparable in heliocentric frame. It, however, does not fully explain ∼ 40 km s −1 difference. Another difference is heliocentric ecliptic latitude, 30.7 vs 8.8, which may result in the difference in the speed of the solar wind at the comet position. Yet another point is that we have compared the speeds of our relatively faint and small knots with more prominent knots/kinks and DEs in the previous studies.
The relevance of this comparison might be debated in light of future studies. In addition, we analyzed only one comet tail observed in a relatively short duration. A more systematic investigation is obviously needed as to the distribution of the initial speed of the tail as a function of the heliocentric velocity, the heliocentric distance, and the ecliptic position of the comet.
In summary, we found two knots which were just formed at 3×10
5 km from the nucleus of C/2013 R1(Lovejoy). Their initial speed was smaller than the ones measured in previous studies, and a physical interpretation requires a more statistically significant sample at a various heliocentric position. We also found a rapid variation in the tail width in 7 minutes, which implies a rapid change in ambient solar winds and magnetic field. These results strongly suggests that the variations in comet plasma tails, especially in their fine structures, require a high time resolution observations with a large aperture telescope such as Subaru. Fig. 2. -High-pass filtered (a σ =30 pixel (6.1 arcsec) gaussian convolved and subtracted) and 5×5 pixel binned images. The gap between CCDs are seen in gray. Long exposures, I1, I3, I4, V1, V3 and V4 are displayed from the left to the right. The sun and the nucleus is toward the top. The distance from the nucleus is shown as yellow horizontal lines at 3×10 5 km and 6×10 5 km. Two knots are indicated by arrows. 
